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The neutron-rich isotopes 211,213Tl, beyond the N = 126 shell-closure, have been studied for
the first time in isomer γ-ray decay, exploiting the fragmentation of a primary uranium beam at
the FRS-RISING (FRagment Separator-Rare ISotopes INvestigation at GSI) setup at GSI. The
observed isomeric states in 211,213Tl show a deviation from the seniority-like scheme of 209Tl. The
possible interpretation of the data is discussed on the basis of energy-level systematics and shell-
model calculations.
Doubly-magic nuclei constitute the cornerstones of our
knowledge of nuclear structure. Indeed, isotopes around
shell closures exhibit excitations which have a single-
particle nature sufficiently strong to be indicative of the
shell-gap size and of the energies of shells above or be-
low the doubly-magic core. Given the limited number of
∗ andrea.gottardo@lnl.infn.it
nucleons outside an a priori inert core, regions around
doubly-magic nuclei are also readily accessible to shell-
model calculations, including the possibility of consider-
ing particle-hole excitations across the core. As a con-
sequence, a great number of studies have concentrated
on regions around doubly-magic nuclei. For the neutron-
rich heavy nuclei 132Sn and 208Pb, the investigation of
the isotopes beyond N = 82 and below Z = 50 and be-
yond N = 126 and below Z = 82, respectively, has been
hampered by their exoticity. In particular, in the case of
2208Pb, these neutron-rich isotopes can be reached only
by cold fragmentation from 238U at the present facili-
ties, while the future availability of reaccelerated radioac-
tive ion beams may make them reachable also by multi-
nucleon transfer reactions. The region beyond N = 126
and below Z = 82 is possibly one of the least explored
quadrants of the Segre´ chart. Preliminary studies have
concerned mainly mercury isotopes, with spectroscopic
studies on 208Hg and 210Hg conducted by means of isomer
decay. While in the N = 128 208Hg isotope a seniority-
scheme like structure is observed [1], similarly to lead
isotopes [2], in 210Hg the spectrum exhibits some differ-
ences [3]. Besides the expected Ipi = 8+ seniority isomer,
another low-lying isomeric state appears. Although its
spin and parity could not be firmly assigned, a low-lying
collective 3− state was proposed. However, theoretical
models do not predict such a low energy for a 3− state
in 210Hg, leaving the issue of the nature of this second
isomeric state open until now. In this regard, a spectro-
scopic study of thallium isotopes beyond N = 126 could
shed some light, and show whether a structure other than
the seniority schemes of 210−216Pb is developing or not.
Due to the low production cross sections of these heavy
exotic nuclei, only the N = 128 209Tl nucleus was studied
beyond the N = 126 shell closure. It was first observed in
a (t, α) reaction on a radioactive 210Pb target [4]. A more
complete spectroscopic information was obtained in the
aforementioned isomer-decay 208Hg experiment [1]. More
recently, a multi-nucleon transfer reaction with a 208Pb
target managed to collect prompt and delayed γ spec-
troscopy data on 209Tl [5]. Other β-decay studies were
also performed in the past [6–9]. The experiment object
of this paper also conveyed useful new information on the
β decay in this region probing the role of first-forbidden
decays across N = 126 [10, 11]. Attempts to populate
heavy nuclei around 208Pb nuclei have also been made
using spallation reactions of 1.4 GeV protons on a UCx
target at ISOLDE [12].
The present paper reports on a γ-ray isomer decay study
of N = 130, 132 211,213Tl isotopes. The paper is orga-
nized as follows. The experimental set-up is described
in the first section, while γ-ray spectroscopy results are
shown in the second section. The third section will deal
with the discussion of the results with the help of shell-
model calculations.
I. EXPERIMENTAL SETUP
Neutron-rich nuclei in the lead region are primarily
accessible via cold fragmentation of a 238U beam. The
heavy mass (> 200) of the isotopes involved implies a
number of technical difficulties concerning primarily Z
identification of the reaction products as well as charge
state transportation and separation in the mass spec-
trometer [13]. These difficulties can be, at least partially,
overcome with a high primary beam energy and a dedi-
cated setup. The coupling of the UNILAC-SIS18 acceler-
ator facilities at GSI with the FRS-RISING experimen-
tal complex [14–17] constitutes a unique setup to study
neutron-rich heavy nuclei beyond N = 126 around 208Pb.
The isotopes of interest were produced exploiting the
fragmentation of a 1 GeV/nucleon 238U beam, with an
intensity of around 1.5 × 109 ions/spill. The ∼ 1 s beam
extraction spills were separated by a ∼ 2 s period with-
out beam. The uranium ions underwent fragmentation
reactions on a 2.5 g/cm2 Be target, which was followed
by a 223 mg/cm2 Nb stripper to improve the number
of fully-stripped ions. The resulting reaction fragments
were separated according to their magnetic rigidity (Bρ)
with the double-stage magnetic spectrometer FRS [14].
A significant challenge was the necessity to reject the
primary beam charge states, which would otherwise in-
duce a too high counting rate at the intermediate focal
plane S2, where the first particle detectors along the FRS
beam line are placed. A similar problem was presented
by the strongly-produced Rn, Ra isotopes, which would
also generate an unsustainable counting rate of ∼ 108 Hz
on the available detectors. This problem was coped with
by implementing a pre-separation of reaction products
and primary beam in the first stage of the FRS. A homo-
geneous 2 g/cm2 Al degrader was placed after the first
dipole of the FRS in order to exclude heavy fragments
above polonium (Z > 84) from its acceptance, thanks to
the change of their magnetic rigidity.
The second stage of the FRS was used to perform a more
refined separation in Bρ, using the Bρ−∆E−Bρ method
to further purify the radioactive cocktail beam [14–
17]. This was achieved with help of a wedge-shaped
758 mg/cm2 Al degrader placed at the S2 focal plane,
with an angle set to produce a monochromatic beam at
the end of the FRS. The Bρ was determined by measur-
ing focal-plane positions with Time-Projection Chamber
detectors. The time-of-flight (TOF) was measured from
plastic scintillators at the S2 and the final focal S4 planes.
The mass-over-charge ratio A/Q (A/Z in the case of
fully-stripped ions) could then be determined from the
Bρ and TOF measurements, on an event-by-event basis.
The atomic number, Z, of the fragments was obtained
from the energy loss in two ionization chambers placed
at the S4 final focal plane.
This experimental technique allowed an unambiguous de-
termination of the mass and atomic number of fully-
stripped ions. The possible change in the ion charge state
when passing through the degrader and detector materi-
als was dealt with by comparing the Bρ before and after
the Al wedge-shaped degrader. The events showing a
change in the charge state were excluded from the sub-
sequent analysis.
Since the aim was to perform decay spectroscopy of
the exotic cocktail beam from FRS, at the S4 final focal
plane the ions were slowed down in a thick Al degrader to
obtain an energy suitable for implantation in the three
layers of a double-sided silicon-strip (DSSSD) detector
system placed after the degrader. Each layer was com-
posed of three DSSSD pads [17, 18]. The monochromatic
3TABLE I: 211Tl 144(1) keV γ-ray intensity corrected for
efficiency and electron conversion, in the hypothesis of
an E2 transition. The errors on the corrected area are
statistical ones quadratically summed to a relative 10%
uncertainty in the efficiency calibration.
γ energy (keV) Area Area corrected
144 (1) 474 (32) 900 (109)
energy structure of the beam ensured that the implan-
tation depth in the active stopper was the same for all
the fragments of a given A/Z and Z. The DSSSD de-
tector system was placed at the center of the RISING
γ spectrometer, consisting of 105 germanium crystals ar-
ranged in fifteen clusters with seven crystals each [15, 16].
The full-energy γ-ray peak detection efficiency of the
array was measured to be 15% at 662 keV [15]. The
time correlation between the γ rays and the ions de-
tected by the active stopper allowed one to perform at
the same time isomer spectroscopy and β-delayed γ-ray
spectroscopy [10, 11]. The isomer spectroscopy studies
are affected by the presence of a prompt flash of γ rays
during the implantation of heavy ions. This prompt flash
extends in time several tens of ns for low γ-ray energies
around 100-200 keV, due to the RISING detectors time
resolution and walk time. Therefore, it is necessary to
search for possible isomer γ-ray decays in a time window
starting several hundred ns after the implantation event,
limiting the sensitivity for isomers with short lifetimes,
below 100 ns.
II. EXPERIMENTAL RESULTS
A. 211Tl
Figure 1 shows the γ-ray spectrum obtained for 211Tl
with a time period 0.12 - 3.00 µs between ion implan-
tation and γ-ray detection. One transition at 144 keV
dominates the spectrum, with no other γ lines visible.
Longer (up to 400 µs) and shorter (down to 40 ns) time
windows have been attempted, but no additional transi-
tions were found.
A γγ coincidence spectrum was also built from data.
The coincidences (within a 100 ns time window) with the
144 keV γ ray are illustrated in Fig. 2, which shows no
peak. Table I reports the area of the 144 keV transition
with the associated uncertainty. The time distribution of
the γ ray was fitted with an exponential curve, as shown
in Fig. 3, to derive a half life of t1/2 = 0.58 ± 0.08 µs.
The error is the quadratical sum of the statistical uncer-
tainty derived from the fit and of systematic errors linked
to binning and interval of the fit.
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FIG. 1: Gamma-ray spectrum from the decay of the
isomeric state in 211Tl. The spectrum has been taken
with a time window 0.12 - 3.00 µs after implantation.
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FIG. 2: Gamma-ray spectrum in prompt coincidence
with the 144 keV transition from the decay from the
isomeric state in 211Tl.
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FIG. 3: Time distribution for the 144-keV transition in
211Tl.
4B. 213Tl
Figure 4 shows the γ-ray spectrum obtained for 213Tl
with a time window of 0.12 - 20.00 µs: two γ-ray tran-
sitions appear, at 380 keV and 698 keV. Figure 5 shows
that these two γ rays appear not to be in prompt coinci-
dence. Table II reports the areas of the two γ lines. The
time distributions of the γ rays were least squares fitted
with an exponential curve, see Fig. 6 and Fig. 7, to derive
a half life of t1/2 = (4.1 ± 0.5) µs for the 380 keV line
and of t1/2 = (0.6 ± 0.3) µs for the 698 keV γ ray. They
are not compatible, possibly indicating the existence of
two isomers. Uncertainty on lifetimes was estimated as
for the 211Tl case.
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FIG. 4: Gamma-ray spectrum from the decay of the
isomeric state in 213Tl. The spectrum has been
obtained by selecting a time window of 0.12 - 20 µs
after implantation.
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FIG. 5: Gamma-ray spectra in prompt coincidence with
the 380 and 698 keV transitions observed in the decay
of isomeric states in 213Tl, with gates on the two
transitions following the isomers.
TABLE II: 213Tl γ-ray intensities corrected for
efficiency and electron conversion, in the hypothesis of
an E2 transition.The errors on the corrected area are
statistical ones quadratically summed to a relative 10%
uncertainty in efficiency calibration.
γ energy (keV) Area Area corrected
380(1) 91 (11) 392 (61)
698(1) 17 (5) 102 (32)
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FIG. 6: Time distribution of the 380-keV transition in
213Tl.
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FIG. 7: Time distribution of the 698-keV transition in
213Tl.
III. DISCUSSION
We start by briefly recalling the interpretation of
the observed 209Tl level scheme [12]. The basic idea
is that the proton hole in the Z = 82 shell closure
(mainly in the d3/2 and s1/2 orbits) couples to the
seniority-isomer structure observed in 210Pb. Cal-
5culations were therefore performed in a model space
constituted by the g9/2, i11/2, j15/2 orbits for neutrons
above N = 126, and the d5/2, d3/2, h11/2, s1/2 orbits for
the proton space below Z = 82. No excitations across
the Z = 82 and N = 126 cores are thus included. The
neutron-neutron and proton-proton matrix elements
are from the Kuo-Herling interaction [19], while the
proton-neutron matrix elements have been deduced from
the bare H7B G matrix [20], without core polarization,
as explained in Ref. [19]. The only change made to the
Hamiltonian is to increase the matrix element (νg9/2)
2
8+
by 40 keV to get the correct ordering of 6+ and 8+ states
in 208Hg, as suggested in Ref. [1]. Therefore, the wave
functions of the holes in the proton core will mainly
be constituted by the s1/2 and d3/2 orbits, while the
particle wave function for neutrons will be dominantly
(g9/2)
n, as in the case of the lead isotopes [2]. The
effective charges used for neutrons and protons are 0.8e
and 1.5e, respectively. The effective charge for neutrons
is increased from the usual 0.5e value for the 208Pb
region [2] to 0.8e, because the neutron valence space
has been truncated to only three shells for the thallium
isotopes, which was necessary to keep the Hamiltonian
matrix dimensions at a feasible level.
Figure 8 reports the comparison between the exper-
imental level scheme observed in Refs. [1] and our
calculations performed with Antoine [21, 22]. The
5/2+ state was observed in Ref. [5]. As claimed in
Ref. [1], the agreement is quite good for energies for
both 209Tl and 208Hg. At the time of that work, the
5/2+ state had not been observed yet. Concerning
the 17/2+ seniority-isomer lifetime, the shell-model
B(E2 : 17/2+ → 13/2+) value is 50 e2fm4, smaller than
the measured 129(20) e2fm4 [1]. The aforementioned
calculations predict that the 17/2+ isomer results, at
a percentage of 94.5 %, from the coupling between the
210Pb 8+ seniority isomer and the unpaired proton hole
in the s1/2 shell.
However, the 5/2+ state clearly represents a point
of disagreement between shell-model calculations and
experimental data. Concerning its energy, the nuclear
Hamiltonian described above seems to work excellently.
The interaction predicts a 5/2+ level at 767 keV, in
perfect agreement with the recent work in Ref. [5], where
spin-parity assignments were fixed and a weak γ-ray line
pointed out the existence of a 5/2+ state at 736 keV.
The discrepancy appears when considering the transition
strengths between levels and the resulting branching
ratios. The 5/2+ state can be fed by an E2 transition
from the 9/2+ level, and by an E2/M1 transition from
the 7/2+ state, the M1 being likely dominant in view
of the low transition energy. The decay branching ratio
from the 9/2+ state towards the 7/2+ state (also this
has to have mainly an M1 character) and the 5/2+
state was measured in Ref. [5]: 2.6(16)%. This value is
very close to our shell-model calculations, which predict
2.8%. On the contrary, for the decay of the 7/2+ to
the 5/2+ and 3/2+ levels, our shell-model predictions
fail. From the work in Ref. [5], where no 250 keV γ-ray
branching from 7/2+ to 5/2+ was measured, one can
infer an upper limit of 1% for the branching ratio. Our
calculations predict a B(M1 : 7/2+ → 5/2+) strength
of 0.014µ2N and a B(E2 : 7/2
+ → 3/2+) strength of
135 e2fm4, hence a large branching ratio of about 20%
for the 7/2+ to 5/2+ transition. The fact that the decay
path of the 7/2+ state towards the 5/2+ level is much
weaker than calculated cannot be easily explained. Here
we only point out, as a hint for further work, that if one
restricts the proton-hole space to the s1/2 shell, than
the B(M1 : 7/2+ → 5/2+) strength becomes vanishing.
However, as we shall see later for the 211Tl case, even
a large M1 suppression would not suffice to justify the
non observation of the 5/2+ state in more neutron-rich
isotopes.
In conclusion, limiting to the level energies, the
agreement between theory and calculations is quite
satisfactory, while for transition rates there is some
discrepancy. In this regard, the spectra obtained for
211,213Tl can be regarded as surprising, being a departure
from the seniority-like level scheme of 209Tl. We recall
here that Pb isotopes do follow the g9/2 seniority scheme
up to 216Pb [2].
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FIG. 8: Experimental [1] and calculated level scheme of
209Tl. The experimental 5/2+ state is reported in
Ref. [5]. The low-energy transitions depopulating the
isomer are taken from the same reference.
A. Calculations for the 211Tl isotope
When looking at the spectrum in Fig. 1, it is imme-
diately evident that it is different from what was ob-
served in 209Tl. Only one γ line at 144 keV is ob-
served in the spectrum, providing the evidence of the
presence of at least one isomer, with an half life of
t1/2 = (0.58 ± 0.08) µs. From the point of view of tran-
sition strength, we tentatively assume that the observed
γ ray belongs to the γ cascade depopulating a 17/2+
6isomer. Then, as in 209Tl, the 17/2+ → 13/2+ E2 tran-
sition in 211Tl would be highly converted (thus non de-
tectable with γ rays), and the B(E2 : 7/2+ → 3/2+)
would range from (22 ± 3) e2fm4 for Eγ = 20 keV
to (18 ± 3) e2fm4 for Eγ = 80 keV. Here it is as-
sumed that the observed half-life originates from the
unobserved low-energy 17/2+ → 13/2+ E2 transition.
Following systematics from 209Tl, within the framework
of the seniority-scheme, one could suggest that the ob-
served 144 keV transition in 211Tl corresponds to the
de-excitation 13/2+ → 9/2+, since in 209Tl this transi-
tion has a very similar energy of 137 keV. The problem
of the non-observation of the lower-lying levels remains
open. In the following, we will show that the transitions
between the lower energy levels may not be observed be-
cause the 144 keV line could feed an isomer with a long
lifetime, outside the observational range of our experi-
ment (about 400 µs).
Shell-model calculations have been performed in the
same model space as in the case of 209Tl, and the re-
sulting levels are shown in Fig. 9. In the first place, the
calculations suggest that the 17/2+ level is isomeric as
in 209Tl, due to the low energy of the E2 transition to
the 13/2+ state. This is the same reason why a 208Pb
core-breaking study cannot be performed in this case as
was done for the lead isotopes. The calculated B(E2)
is 34 e2fm4 using epi = 1.5e and eν = 0.8e, somehow
larger than the aforementioned experimental interval of
18-22 e2fm4. The calculated 13/2+ → 9/2+ transition
energy fits anyway nicely with the 144 keV γ line ob-
served.
In 209Tl, the 9/2+ level then decays via a likely predom-
inantly M1 transition to the 7/2+ state, but shell-model
calculations predict that in 211Tl this is no longer possi-
ble. The 7/2+ level is above the 9/2+ level, which thus
can only decay to the 3/2+ state, neglecting the presence
of 5/2+ state - see below for further discussion on this
point. Incidentally, we remark here that a possible feed-
ing of the 7/2+ level via the 13/2+ → 7/2+ E4/M3 tran-
sition is certainly much suppressed in comparison with
the 13/2+ → 9/2+ E2 decay, due to its higher multipo-
larity and low energy. The 9/2+ → 3/2+ decay would
then be an E4/M3 transition, highly hindered due to its
high multipolarity. For a M3 character with an energy of
900 keV its Weisskopf single-particle estimate leads to a
lifetime of 160 µs, while for an E4 character the estimate
is 153 ms. This means that the lifetime for an E4 transi-
tion is outside the observational limit of the experimental
setup. Concerning the M3 possibility, a hindrance of the
strength of a factor 2 to 3 would be sufficient to make it
unobservable as well.
As in the case of 209Tl, the question about the existence
of a low-lying 5/2+ state, predicted at 820 keV in 211Tl,
remains open. The presence of such a state would open
a relative fast decay path for the 9/2+ state, destroying
its supposedly long-lived isomerism. The 9/2+ → 5/2+
E2 decay should be very suppressed to determine a
lifetime larger than 400 µs for the 9/2+ level, with a
B(E2, 9/2+ → 5/2+) . 10−4e2fm4.
The conclusion is that shell-model calculations could pro-
vide an explanation for the observed level scheme of
211Tl, if one neglects the predicted presence of the 5/2+
state. With this caveat, a 17/2+ seniority isomer, as in
209Tl, may be present also in 211Tl. The non observation
of its full γ-ray cascade to the ground state may be due
to the spin trap created by a level inversion between the
9/2+ and 7/2+ states.
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performed with the interaction and valence space
described in the text.
B. Calculations for the 213Tl isotope
The spectrum obtained for 213Tl is different from both
209Tl and 211Tl isotopes, showing one intense γ line of
380 keV, and another weaker line at 698 keV. If one tries
to follow the systematics of the seniority scheme, it is
possible that the 380 keV line corresponds to the 3/2+ →
1/2+ transition observed with a similar energy in 209Tl.
The 698 keV could then correspond to the 9/2+ → 3/2+
γ ray, but its low intensity and the fact that it is not
in coincidence with the 380 keV line implies that it is
a γ ray connecting two other levels, following another
isomer decay. This is further reinforced by the fact the
decay time curves of the two γ rays are incompatible
within errors. Shell-model calculations were performed
also for this nucleus. Figure 10 shows the calculated level
scheme, which is very similar to the one obtained for
209Tl.
On the basis of theoretical calculations, one would thus
expect 213Tl to be similar to the lighter odd-even isotope,
and in particular to 209Tl, without the 9/2+ state spin
trap present in 211Tl. This would lead to the observation
of a γ-ray cascade similar to 209Tl. Considering that the
spectroscopy of 213Tl is radically different, with the pres-
ence of two isomers with transition energies not compat-
ible with systematics and shell-model calculations, may
imply that a new low-energy structure appears. The fact
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FIG. 10: Shell-model calculations for 213Tl, performed
with the interaction and valence space from Ref. [1].
the shell-model calculations cannot predict properly the
M1 transition strength to the observed 5/2+ in 209Tl,
and to the non-observed 5/2+ in 211Tl, could represent a
warning about the real effectiveness of the Hamiltonian
employed, especially in describing the proton space and
its coupling to the valence neutrons above N = 126.
Another key point is the fact that our valence space does
not consider N = 126, Z = 82 core breaking excitations
for neutrons and protons. This precludes the possibil-
ity of predicting the energies of intruder configurations,
which may become lower in energy when going further
from the N = 126 shell closure. Similarly, the collec-
tive 3− state of 208Pb cannot be properly described in
our model space. It has been predicted that the energy
of the collective octupole should become lower beyond
N = 126 as a result of the strong octupole g9/2 − j15/2
correlation [23]. Indeed, the presence of a second isomer
in 210Hg has also been linked to a possible low-lying oc-
tupole state [3]. It cannot be excluded that the observed
spectroscopic structure of 213Tl has the same origin.
IV. CONCLUSIONS
Isomer-decay γ-ray spectroscopy of neutron-rich
N = 130, 132 211,213Tl isotopes has been performed.
The measured γ-ray spectra show a significant difference
with respect to the less exotic 209Tl, at variance with
the seniority scheme observed in the 210−216Pb isotopes.
Shell-model calculations with a 208Pb core, neutron
particles and proton holes, are in good agreement with
the 209Tl known level scheme, except for the branching
ratios from the 7/2+ to the 3/2+ and 5/2+ states. They
show that 211Tl could also have a seniority-scheme like
level structure, but a spin trap along the decay path of
the seniority isomers(s) could prevent its observation.
Indeed, also the structure of 211Tl can be tentatively
described as the coupling of the d3/2 and s1/2 proton
holes to the excited levels observed below the seniority
isomers in 210−216Pb. As in the case of the 209Tl isotope,
the main discrepancy between the shell model employed
and the experimental findings concerns the predicted
existence of a 5/2+ level which is not observed in 211Tl.
However, for 213Tl the presence of two distinct isomers,
with very different γ-ray intensities, is not explained
by our shell-model Hamiltonian, which would on the
contrary suggest that another low-lying structure is ap-
pearing, perhaps resembling what has been observed for
210Hg. Like in that case, a possible future experimental
development will be to directly measure the mass of
the isomeric states with storage rings [24] in order to
measure their absolute energy. From the theoretical
point of view, the inclusion of intruder configurations
or collective octupole states could help to shed light
in what remains one of the less explored zones of the
nuclide chart.
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